The apicomplexan protozoan Toxoplasma gondii is a significant human and veterinary pathogen. As an obligate intracellular parasite, Toxoplasma depends on nutrients provided by the host cell and needs to adapt to limitations in available resources. In mammalian cells, translational regulation via GCN2 phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2 (eIF2α) is a key mechanism for adapting to nutrient stress. Toxoplasma encodes two GCN2-like protein kinases, TgIF2K-C and TgIF2K-D. We previously showed that TgIF2K-D phosphorylates T. gondii eIF2α (TgIF2α) upon egress from the host cell, which enables the parasite to overcome exposure to the extracellular environment. However, the function of TgIF2K-C remained unresolved. To determine the functions of TgIF2K-C in the parasite, we cloned the cDNA encoding TgIF2K-C and generated knockout parasites of this TgIF2α kinase to study its function during the lytic cycle. The TgIF2K-C knockout did not exhibit a fitness defect compared with parental parasites. However, upon infection of human fibroblasts that were subsequently cultured in glutamine-free medium, the intracellular TgIF2K-C knockout parasites were impeded for induced phosphorylation of TgIF2α and showed a 50% reduction in the number of plaques formed compared with parental parasites. Furthermore, we found that this growth defect in glutamine-free media was phenocopied in parasites expressing only a nonphosphorylatable TgIF2α (TgIF2α-S71A), but not in a TgIF2K-D knockout. These studies suggest that Toxoplasma GCN2-like kinases TgIF2K-C and TgIF2K-D evolved to have distinct roles in adapting to changes in the parasite's environment.
Introduction
Cells adjust to diverse stresses ranging from oxidative and endoplasmic reticulum (ER) stress to fluctuations in the availability of nutrients (Sonenberg and Hinnebusch, 2009; Walter and Ron, 2011; Baird and Wek, 2012) . Central to this stress response is translational control by phosphorylation of the alpha subunit of eukaryotic initiation factor-2 (eIF2α) (Sonenberg and Hinnebusch, 2009; Baird and Wek, 2012; Donnelly et al., 2013) . Following phosphorylation of a regulatory serine residue, eIF2α becomes an inhibitor of its own guanine nucleotide exchange factor (eIF2B), leading to diminished levels of global protein production but preferential translation of key transcription factors such as mammalian ATF4 and yeast GCN4, which reprogram gene expression for an adaptive response (Sonenberg and Hinnebusch, 2009; Baird and Wek, 2012) . Mammals encode four eIF2α kinases that harbor a signature protein kinase domain flanked by unique regulatory domains that sense different cellular stresses. Whereas HRI (EIF2AK1) is induced upon heme deprivation in erythroid tissues, PKR (EIF2AK2) is activated upon viral infection. GCN2 (EIF2AK4) and PERK (EIF2AK3) serve as sensors for the depletion of amino acids and accumulation of misfolded proteins in the ER, respectively (Chen, 2007; Raven and Koromilas, 2008; Baird and Wek, 2012; Donnelly et al., 2013) .
Toxoplasma gondii is an obligate intracellular protozoan parasite in the phylum Apicomplexa and the causative agent of toxoplasmosis, an important opportunistic disease of immunocompromised patients (Montoya and Liesenfeld, 2004) . During acute Toxoplasma infection, tachyzoites progress through the lytic cycle, which consists of host cell infection, replication within the parasitophorous vacuole and egress into the extracellular environment to invade a new host cell (Montoya and Liesenfeld, 2004) . In infected hosts, a chronic infection is established by tachyzoites that convert into latent bradyzoites residing within protective tissue cysts. Bradyzoites are not eliminated by the host immune response and may resume acute infection by reconverting into tachyzoites when the immune system becomes compromised (Montoya and Liesenfeld, 2004) .
While it has been well-established that cellular stresses such as alkaline pH, oxidative stress and nutrient limitation induce bradyzoite formation in vitro, the molecular mechanisms involved in this developmental process are largely unknown (Sullivan and Jeffers, 2012) . In previous studies we showed that inducers of bradyzoite conversion also trigger phosphorylation of Toxoplasma gondii eIF2α (TgIF2α), coincident with a reduction in global protein synthesis, suggesting that translational control mechanisms are involved in the formation of bradyzoites (Narasimhan et al., 2008; Konrad et al., 2013) . Supporting this idea, we also found that TgIF2α phosphorylation is maintained in mature bradyzoites (Narasimhan et al., 2008) . Most recently, we showed that inhibitors of TgIF2α dephosphorylation impede tachyzoite replication in vitro and in vivo, and block the reactivation of bradyzoites into tachyzoites in vitro (Konrad et al., 2013) .
Phosphorylation of TgIF2α also plays a key role in promoting survival of extracellular tachyzoites during the lytic cycle. Tachyzoites genetically modified to express TgIF2α in which the phosphorylated serine is substituted for alanine (TgIF2αS71A) fail to phosphorylate TgIF2α while in the extracellular environment and exhibit a recovery defect after being deprived of host cells (Joyce et al., 2010) . In a follow up study, we also identified that intracellular TgIF2αS71A parasites displayed a recovery defect following nutrient deprivation (Konrad et al., 2011) .
Toxoplasma possesses four eIF2α kinases (TgIF2Ks). Similar to PERK, TgIF2K-A localizes to the ER and is suggested to be involved in sensing accumulation of malfolded proteins in the ER (Narasimhan et al., 2008) . TgIF2K-B has no clear homologue in other species but likely senses stresses that disrupt cytosolic homeostasis, such as oxidative stress (Narasimhan et al., 2008) . TgIF2K-C and TgIF2K-D share the highest sequence identity with GCN2, the mammalian eIF2α kinase that facilitates adaptation to nutrient limitation (Sonenberg and Hinnebusch, 2009; Baird and Wek, 2012) . Previous studies have determined that TgIF2K-D is involved in the adaptation of tachyzoites to the extracellular environment (Konrad et al., 2011) . Similar to TgIF2α-S71A tachyzoites, parasites deficient in TgIF2K-D (Δtgif2k-d) fail to phosphorylate TgIF2α when extracellular and exhibit a growth recovery defect following exposure to extracellular stress (Konrad et al., 2011) . In contrast to TgIF2α-S71A tachyzoites, replicating Δtgif2k-d parasites continue to phosphorylate TgIF2α when deprived of nutrients, suggesting that an independent TgIF2K is activated when intracellular parasites experience limiting nutrients (Konrad et al., 2011) .
Here we describe a second cytoplasmic GCN2-like eIF2α kinase in Toxoplasma (TgIF2K-C) that is activated upon amino acid deprivation of intracellular tachyzoites. Viable TgIF2K-C knockout parasites were generated which, in contrast to the TgIF2K-D knockout, phenocopy the inability of the TgIF2α-S71A mutant to adapt to glutamine starvation. These findings establish that the two GCN2-like eIF2α kinases in Toxoplasma function independently to alleviate distinct stresses.
Materials and methods

Parasite culture
Unless indicated otherwise, Toxoplasma tachyzoites were maintained in human foreskin fibroblasts (HFF) in DMEM containing 25 mM glucose and 4 mM glutamine (Invitrogen, USA) supplemented with 1% heat inactivated FBS (Gibco, USA) and 100 U/ml of penicillin/100 μg/ml of streptomycin (Fisher Scientific, USA) at 37°C and 5% CO 2 .
Cloning of tgif2k-c cDNA
Cloning of the tgif2k-c cDNA, as well as 5′-and 3′-rapid amplification of cDNA ends (RACE), were carried out as described previously for the tgif2k-d cDNA (Konrad et al., 2011) . The oligonucleotides employed in the PCRs were designed according the annotation of the tgif2k-c gene in the Toxoplasma database (www.toxodb.org version 8.1, TGME49_204110).
Generation of TgIF2K-C knockout parasites
TgIF2K-C knockout parasites (Δtgif2k-c) were generated following a strategy employed previously to make TgIF2K-D knockout parasites (Δtgif2k-d) (Konrad et al., 2011) . Approximately 1.5 kb DNA fragments upstream and downstream of the open reading frame (ORF) for tgif2k-c (TGME49_204110) were amplified and inserted into the pDHFR*-TSc3 vector, flanking the ends of a modified dihydrofolate reductase-thymidylate synthase (DHFR*-TS) minigene that confers resistance to pyrimethamine (Roos et al., 1994) . The 5′ flanking sequence was amplified with oligonucleotides #85 and #86 while the 3′ flanking sequence was amplified with oligonucleotides #87 and #88 (oligonucleotide sequences used in this study are listed in Supplementary Table S1 ). Fifty μg of the resulting knockout vector, Δtgif2k-c::DHFR*, were linearized with NotI and transfected into RH strain tachyzoites lacking Ku80 (Fox et al., 2009; Huynh and Carruthers, 2009) , as previously described (Roos et al., 1994) . To select for the presence of the DHFR*-TS minigene, transfected parasites were cultured in HFFs using DMEM supplemented with 1 μM pyrimethamine. Following cloning by limiting dilution, individual clones were screened by PCR for the correct insertion of the DHFR*-TS minigene and ablation of the tgif2k-c genomic locus. Genomic DNA from candidate clones was isolated and analyzed by PCR using oligonucleotides complementary to the 3′-untranslated region (UTR) of the DHFR* minigene (#99) and upstream of the insertion site (#165). Loss of tgif2k-c mRNA was verified by reverse transcriptase (RT)-PCR using oligonucleotides #134 and #129, which amplify the sequence encoding the kinase domain, and oligonucleotides #143 and #144, which amplify a ~1000 bp DNA fragment immediately upstream of the kinase coding domain As a control for RNA quality, a portion of Toxoplasma actin (TgME49_009030) mRNA was amplified by RT-PCR using primers #13 and #14.
Generation of parasites expressing endogenously tagged TgIF2K-C
To generate Toxoplasma parasites expressing TgIF2K-C endogenously tagged with three tandem hemagglutinin (HA) epitopes at the C-terminus, a ~1.4 kb DNA fragment spanning from intron X to exon 12 from Toxoplasma genomic DNA using oligonucleotides #214 and #216 was amplified. As described for TgIF2K-D (Konrad et al., 2011) , this fragment was cloned into the vector 3xHA-LIC-DHFR-TS (Huynh and Carruthers, 2009 ) using the ligation-independent cloning method (Lucy Stolsa et al., 2002) . Fifty μg of the TgIF2K-CHA3x tagging plasmid were linearized with SbfI and subsequently transfected into RHΔku80 parasites (Huynh and Carruthers, 2009 ). Both the LIC vector and RHΔku80 parasites were kindly provided by Dr. Vern Carruthers (University of Michigan, USA). Transfected parasites were selected in media with 1 μM pyrimethamine and cloned by limiting dilution. Resistant clones were first screened by PCR using genomic DNA and oligonucleotides #219 and #215, which are complementary to DNA sequences upstream of the SbfI restriction site and to the HA tag-encoding fragment, respectively. In a second step, positive clones from the PCR-based screen were then examined by western blot using a monoclonal antibody specific for the HA tag (Roche, USA #11867423001, 1:2000 dilution).
Competitive fitness assay
The competitive parasite fitness assay was carried out largely as described by Joyce et al. (2010) . Briefly, intracellular parental RHΔku80 and Δif2k-c parasites were mechanically released from host cells via syringe passage (25 gauge). Following filter purification, 5×10 5 parasites of each strain were mixed in 10 ml of Toxoplasma culture medium and transferred onto a confluent HFF monolayer in a T-25 cm 2 cell culture flask. After 2 days, 5×10 5 parasites of the mixed population were transferred onto a new confluent HFF monolayer in a T-25 cm 2 cell culture flask. The remaining mixed parasites were harvested and the genomic DNA was isolated using a DNeasy kit (Qiagen, USA). After 5 days, the mixed population was harvested again and the genomic DNA isolated. The relative presence of each parasite line was analyzed employing a SYBR-green based PCR assay. Oligonucleotides #173 and #172 recognize both parasite lines, #171 and #182 recognize only parental RHΔku80 parasites, and #174 and #185 recognize only Δif2k-c parasites. All PCRs were performed in triplicate using the 7500 Real-Time PCR System and analyzed with relative quantification software (SDS software, version 1.2.1; Applied Biosystems, USA).
In vivo virulence of Δtgif2k-c
The in vivo virulence of Δtgif2k-c KO1 was analyzed similarly as previously described for TgIF2α-S71A parasite mutants and this study protocol was approved by the Institutional Care and Use Committee at the Indiana University, USA (Joyce et al., 2010) . In brief, 10-11 female BALB/c mice were infected via i.p. injection with 100 parental RHΔku80, Δtgif2k-c or TgIF2α-S71A tachyzoites resuspended in pre-warmed 1xPBS, which had been released via syringe passage and filter purified from host cell material. Mice were monitored at least twice a day and the time to moribund state was recorded. The statistical analyses were carried out using a two-tailed student's t-test with equal variance.
Western blot and IFAs
Western blot analyses of total Toxoplasma protein lysate using an anti-HA antibody (1:2000 dilution, Roche #11867423001) and antibodies specific for TgIF2α (1:5000 dilution) and TgIF2α~P (1:1000 dilution) were carried out as described (Konrad et al., 2011) . For immunofluorescence analysis of TgIF2K-C 3xHA , intracellular tachyzoites were fixed with 3% paraformaldehyde and further analyzed using an anti-HA antibody as described (Konrad et al., 2011) .
Glutamine starvation assay
Intracellular parental RHΔku80, TgIF2α-S71A, Δif2k-c and Δif2k-d tachyzoites were mechanically released from host cells through syringe passage as described in Section 2.5. A confluent HFF monolayer grown in 12-well plates was infected with 200 filter-purified tachyzoites resuspended in Toxoplasma culture medium. After 4 h, extracellular tachyzoites were removed and the monolayer was washed twice with 1xHank's Balanced Salt Solution (HBSS) (Gibco) pre-warmed to 37°C. The infected host cells were incubated for 5 days in DMEM lacking glutamine (DMEM ΔQ; US Biological, USA) supplemented with 1% dialyzed FBS (Gibco) and 100 U/ml of penicillin/ 100 μg/ml of streptomycin (Fisher Scientific) at 37°C and 5% CO 2 . As a control, some cultures contained DMEM ΔQ supplemented with 4 mM glutamine. After 5 days, the HFF monolayer was fixed with icecold methanol and stained with crystal violet to visualize parasite plaques.
For the analysis of TgIF2α phosphorylation, HFFs grown in T-75 cm 2 flasks were infected with 4×10 6 freshly purified tachyzoites for 24 h. At this time point, infected HFF monolayers were washed twice with pre-warmed 1xHBSS as described above. To induce glutamine starvation, host cells were incubated for up to 12 h in DMEM ΔQ or DMEM ΔQ supplemented with 4 mM glutamine. At the indicated time point, the medium was removed and the intracellular tachyzoites were mechanically released and filter-purified. TgIF2α phosphorylation was assessed by western blotting and Image J software (Version 1.46r) was used for densitometric analysis.
Bioinformatic analysis
The TgIF2K-C amino acid sequence was analyzed for homologous proteins and protein domains using BLASTp (Altschul et al., 1997) , PFAM (Bateman et al., 2002) , MOTIF (http://www.genome.jp/tools/motif/) and SMART (Letunic et al., 2012) . A phylogenetic tree was generated using sequences of the protein kinase domain of TgIF2K-C and those from the listed protein kinases and Clustal Omega (Goujon et al., 2010; Sievers et al., 2011) .
Results
Characterization of the GCN2-like kinase, TgIF2K-C
We previously showed that the GCN2-like eIF2α kinase called TgIF2K-D is critical for promoting survival of extracellular tachyzoites following egress from host cells (Konrad et al., 2011) . A second GCN2-like eIF2α kinase, termed TgIF2K-C, was predicted to be encoded in the Toxoplasma genome (Narasimhan et al., 2008) , but its function had yet to be defined. To verify the annotation of TgIF2K-C (TGME49_204100) in ToxoDB (toxodb.org), we cloned the complete cDNA and carried out 5′-and 3′-RACE. The tgif2k-c cDNA contains an ORF of 9810 bp in length, encoding for a 3269 amino acid protein with a predicted molecular weight of 349 kDa (GenBank accession number KF241722) ( Supplementary Fig. S1 ). This ORF is slightly shorter than the predicted 9816 bp due to a misannotation at exon 2. RACE reactions indicate that the 5′-UTR is 837 nucleotides (nt) and the 3′-UTR extends to 1110 nt. Our analysis indicates that the TgIF2K-C locus consists of 12 exons and 11 introns.
An alignment between the protein kinase domains of TgIF2K-C, TgIF2K-D and eIF2α kinases from other species revealed that TgIF2K-C (residues 898 to 1558) contains hallmark features of eIF2α kinases, including an insert between subdomains IV and V (Fig. 1,  Supplementary Figs. S1, S2 ). According to a BLASTp analysis, the kinase domain of TgIF2K-C is most closely related to putative GCN2-related protein kinases from Dictyostelium discoideum (IFKC_DICDI, Q75JN1.1, 5e-18; IFKB_DICDI, Q550L8.1, 5e-15; IFKA_DICDI, Q558U1.1, 1e-14), followed by GCN2 orthologues in Mus musculus (Q9QZ05.2, 9e-11) (Berlanga et al., 1999; Sood et al., 2000a) , Schizosaccharomyces pombe (Q9HGN1.2, 3e-9) (Zhan et al., 2004) , Saccharomyces cerevisiae (P15442.3, 5e-9) (Wek et al., 1989) and Arabidopsis thaliana (Q9lX30.2, 4e-8) (Zhang et al., 2003) . A phylogenetic analysis suggests that TgIF2K-C is most closely related to GCN2-related sequences from apicomplexan parasites, followed by GCN2 in plants, yeast and metazoic animals ( Supplementary Fig. S3 ).
In addition to the kinase domain, GCN2-like kinases contain signature regulatory domains (Fig. 1) . A central feature of GCN2 eIF2α kinases is the juxtaposition of the protein kinase domain to carboxy-terminal regulatory sequence with homology to histidyl tRNA synthetase (HisRS) enzymes ( Fig. 1) (Wek et al., 1989) . The HisRS-related domain is suggested to stimulate its eIF2α kinase activity by directly binding to uncharged tRNAs that accumulate during nutrient deprivation (Wek et al., 1995; Garcia-Barrio et al., 2000; Hinnebusch, 2005; Baird and Wek, 2012) . TgIF2K-C contains a HisRS-like domain (amino acid residues 1944-3015), which is approximately twice as large as the HisRS-domain in mammalian GCN2 (Sood et al., 2000b) . A central feature of the TgIF2K-C HisRS is the sequence ASGGRYD 2741 , which matches the histidine B motif that is a hallmark feature of HisRS domains (Fig. 1, Supplementary Fig. S1 ) (Berlanga et al., 1999; Sood et al., 2000a) .
The N-terminus of yeast and mammalian GCN2 includes the RWD domain that was reported to bind directly to the coactivator GCN1 in S. cerevisiae upon amino acid starvation ( Fig. 1) (Hinnebusch, 2005) . The RWD domain was named after three proteins in which this domain had been identified: RING finger containing proteins, WD40 containing proteins and DEXD-like helicases (Nameki et al., 2004) . Sequence comparison identified the YPXXXP motif to be characteristic for RWD domains (Nameki et al., 2004; Hinnebusch, 2005) . In contrast to TgIF2K-D (Konrad et al., 2011) , we did not detect this motif in TgIF2K-C, indicating that a RWD domain is absent. Interestingly, the RWD domain is also absent in GCN2-related protein kinase Plasmodium PfeIK1 and Dictyostelium IFKA and IFKB (Rai et al., 2006) . In addition, alternative splice variants of mammalian GCN2 have been identified, which lead to the deletion of the RWD domain (Sood et al., 2000b) ; however, consistent with results on the ToxoDB, we detected no alternatively spliced products during cloning of TgIF2K-C derived from multiple different cDNA library preparations. Additionally, no RWD domain was detected in predicted amino acid sequences that would be encoded in TgIF2K-C intron regions or 5′ intragenic regions. These findings indicate that the absence of a RWD domain in a GCN2-like kinase can be found in diverse eukaryotic organisms, including apicomplexan parasites Toxoplasma and Plasmodium.
In common with TgIF2K-D and other protozoan GCN2-like kinases (Fennell et al., 2009; Konrad et al., 2011) , TgIF2K-C lacks the pseudokinase domain, which is believed to contribute to eIF2α kinase activity in mammalian and yeast GCN2 (Fig. 1) (Qiu et al., 1998) . The pseudokinase region of these GCN2 orthologues has sequence similarity to many of the subdomains of eukaryotic protein kinases, although the key residues critical for ATP binding and catalysis appear to be absent (Qiu et al., 1998; Boudeau et al., 2006) . The degenerate kinase domain of yeast GCN2 can interact with the bona fide protein kinase domain and may participate in the repression of eIF2α kinase activity that is released upon GCN2 binding to uncharged tRNA. In conclusion, while lacking a clear RWD domain, TgIF2K-C contains a signature eIF2α kinase domain and a well-conserved histidine B motif. Therefore, we propose that TgIF2K-C is a GCN2-related protein kinase that may play a role in nutrient deprivation responses.
TgIF2K-C is expressed in the cytosol of Toxoplasma tachyzoites
To determine whether TgIF2K-C is expressed in proliferating Toxoplasma tachyzoites, TgIF2K-C was endogenously tagged with 3xHA (TgIF2K-C 3xHA ) at the C-terminus in the RHΔku80 strain (Fox et al., 2009; Huynh and Carruthers, 2009) . A western blot using parasite lysates probed with a monoclonal HA-antibody detected a single protein with a size similar to the deduced molecular weight of 349 kD ( Fig. 2A) . IFAs of these parasites revealed that TgIF2K-C is distributed throughout the parasite cytosol, with no signal detected in the nucleus (Fig. 2B) .
TgIF2K-C is dispensable for in vitro tachyzoite replication in complete medium
To address the function of TgIF2K-C in tachyzoites, TgIF2K-C knockout parasites were generated using homologous recombination in the RHΔku80 background, which is referred to as parental wild-type (WT) in the subsequent studies. As shown in Fig. 3A , the complete TgIF2K-C ORF was replaced with a modified DHFR-TS minigene that confers resistance to pyrimethamine (Donald and Roos, 1993) . Candidate TgIF2K-C knockout clones were analyzed by PCR using primers designed to amplify a fragment of the DHFR-TS minigene when inserted in the TgIF2K-C genomic locus (Fig. 3B) . Additionally, RT-PCR was performed to verify the absence of TgIF2K-C mRNA. While we could amplify mRNA fragments coding for a portion of the N-terminus (oligonucleotides #143 and #144) and the protein kinase domain (oligonucleotides #134 and #129) of TgIF2K-C from the parental WT parasites, these gene sequences were no longer detected in TgIF2K-C knockout parasites, Δif2k-c (Fig. 3C) . Two independent knockout clones were identified and shown to have similar mutant phenotypes that are described below.
To determine whether loss of TgIF2K-C compromised tachyzoite viability, parental WT and Δif2k-c parasites were compared in a head-to-head fitness assay (Joyce et al., 2010; Konrad et al., 2011) . A confluent HFF host cell monolayer was co-infected with an equal number of WT and Δif2k-c parasites (Fig. 4A ) and the relative amount of each parasite line was determined with SYBR-green based PCR using strain-specific oligonucleotides (Fig. 4B) . After up to 5 days of co-cultivation, Δif2k-c and WT parasites were still present in approximately equal numbers, indicating that the absence of TgIF2K-C does not cause a general fitness defect in tachyzoites progressing through the lytic cycle (Fig. 4C ). This finding was further supported when Δif2k-c parasites showed similar virulence in vivo as WT parasites. Control TgIF2α-S71A mutant parasites, as expected, displayed a statistically significant defect in virulence compared with WT parasites (P < 0.001) (Fig. 4D) .
TgIF2K-C is required for adaptation to glutamine starvation
We previously established that the other GCN2-like kinase, TgIF2K-D, is critical in tachyzoites experiencing extracellular stress following departure from its host cell (Konrad et al., 2011) . As TgIF2K-C was unable to compensate for this defect, we tested whether TgIF2K-C responded to nutrient stress experienced when tachyzoites were intracellular. Recent reports have implicated a critical role for individual amino acids during the proliferation of Toxoplasma tachyzoites (Fox et al., 2004; Ghosh et al., 2011; Macrae et al., 2012) , including the non-essential amino acid glutamine (Chaudhary and Roos, 2005) , which is a key metabolite in eukaryotic cells (Curthoys and Watford, 1995) . Plaque assays were performed to analyze the contribution of TgIF2K-C in the adaptation to the absence of this amino acid. Following infection, parental WT, TgIF2α-S71A, Δif2k-c and Δif2k-d parasites were cultured in DMEM lacking glutamine (DMEM ΔQ) or DMEM ΔQ supplemented with 4 mM glutamine. After 5 days in DMEM ΔQ, WT parasites formed a modestly reduced number of plaques compared with the rich medium control (Fig. 5A) , indicating that the absence of glutamine has minimal deleterious effects on parasite viability. However, TgIF2α-S71A parasites exhibited a significant defect adapting to glutamine starvation as indicated by the 50% reduction in the number of plaques (Fig. 5A) . These results are consistent with the idea that TgIF2α phosphorylation promotes survival of intracellular parasites experiencing nutrient depletion. While Δif2k-d parasites exhibited no defect under glutamine deprivation, Δif2k-c parasites exhibited an adaptation defect similar to TgIF2α-S71A (Fig. 5A) . These results suggest that the two TgGCN2-like kinases respond to distinct stress signals to promote parasite adaptation to different stresses.
We next addressed whether TgIF2K-C is activated by glutamine starvation to phosphorylate TgIF2α. Intracellular WT and Δif2k-c tachyzoites were cultured up to 12 h in DMEM ΔQ. By 8 h of glutamine starvation, TgIF2α~P increased approximately 40% in WT parasites compared with non-stressed parasites, indicating that the lack of glutamine induces a stress response in Toxoplasma. At later time points, the amount of TgIF2α~P returned to basal levels, suggesting that the parasites adapted to the absence of glutamine by this time (Fig.  5B) . In contrast, Δif2k-c parasites not only fail to induce TgIF2α phosphorylation in response to glutamine depletion, but they show a decrease in TgIF2α~P levels relative to unstressed samples, which could also be indicative of a feedback regulatory loop (Fig. 5B) . Feedback mechanisms have been described for controlling phosphorylated eIF2α in mammalian cells (Marciniak and Ron, 2006; Baird and Wek, 2012) . Altogether, these findings suggest that phosphorylation of TgIF2α by TgIF2K-C is required for proliferating tachyzoites to adapt to the absence of glutamine.
Discussion
Regulation of translation via phosphorylation of eIF2α is a key stress response pathway in eukaryotic cells. Toxoplasma expresses two GCN2-like eIF2α kinases, one of which (TgIF2K-D) was previously linked to promoting survival of tachyzoites following egress from host cells (Konrad et al., 2011) . Here, we characterize the second GCN2-like kinase, TgIF2K-C. In contrast to parasites lacking TgIF2K-D, the TgIF2K-C knockout does not exhibit a fitness defect under standard in vitro culture conditions nor does it show reduced virulence in an in vivo mouse model maintained on a standard chow diet. However, our findings show that TgIF2K-C is required to promote survival of intracellular tachyzoites cultured under glutamine starvation conditions. We addressed whether TgIF2K-C phosphorylates TgIF2α upon nutrient starvation by analyzing the phosphorylation status of TgIF2α in parental WT and Δif2k-c parasites in response to depleted glutamine, which is an important metabolite in Toxoplasma (Fox and Bzik, 2002; Macrae et al., 2012) and mammalian cells (Curthoys and Watford, 1995) . Following 8 h of glutamine deprivation, TgIF2α is phosphorylated at its regulatory serine residue (Ser71). TgIF2α~P returns to basal levels by 12 h, suggesting that adaptation to this stress has occurred. Consistent with the defect in TgIF2α phosphorylation, Δif2k-c parasites form approximately 50% fewer plaques when cultured in glutamine deprived medium. Since the non-phosphorylatable TgIF2α-S71A mutant exhibited a similar defect, but Δtgif2k-d parasites did not, we conclude that TgIF2K-C is the primary TgIF2α kinase managing the intracellular response to glutamine starvation. Given the large size of the TgIF2K-C gene and the data showing that Δif2k-c phenocopies the TgIF2α-S71A mutant, attempts were not made to complement Δif2k-c parasites.
TgIF2K-C is an unusual GCN2-like homologue. While TgIF2K-C possesses a signature HisRS-like domain with the well-conserved histidine B motif, it appears to lack an RWD domain that interacts with GCN1 to enhance eIF2α kinase activity. A predicted GCN1 homologue is present in the Toxoplasma genome (TGME49_231480) and TgIF2K-D harbors the RWD domain, but an interaction has yet to be examined (Konrad et al., 2011) . In yeast and mammalian GCN2, the HisRS-related domain serves as an activator of kinase activity upon binding to uncharged tRNAs that accumulate during amino acid starvation (Hinnebusch, 2005) . A HisRS-like domain with the histidine B motif is also conserved in the GCN2-like PfeIK1, the Plasmodium homologue of TgIF2K-C that is activated by amino acid starvation in Plasmodium falciparum (Fennell et al., 2009) . Interestingly, PfeIK1 also lacks the RWD domain. This suggests that an RWD domain is not required for enhanced TgIF2K-C and PfeIK1 phosphorylation of eIF2α, at least in response to nutrient stresses such as glutamine deprivation. In this case, these GCN2-like protein kinases may be activated independently of GCN1, or by engagement with GCN1 through an alternative sequence motif. We performed an alignment of the N-terminal extension sequences of P. falciparum and Toxoplasma homologues but no regions of significant homology were detected at the primary amino acid sequence level.
Multiple GCN2-like protein kinases have also been identified in Dictyostelium (IFKA, B and C) and recent studies have linked nutrient starvation to the activation of IFKs, the phosphorylation of Dictyostelium eIF2α and to the regulation of developmental processes (Rai et al., 2006; Bowman et al., 2011; Singleton et al., 2012) . While IFKC possesses both RWD and HisRS-related domains, the RWD is absent in IFKA and IFKB, suggesting different mechanisms of regulation for these eIF2α kinases (Rai et al., 2006; Bowman et al., 2011) . IFKA and IFKB were reported to have redundant roles in Dictyostelium morphogenesis, cell-cell and cell-substrate adhesion, and in spatial patterning (Rai et al., 2006) . Although mammals encode only one GCN2 gene, alternative splicing of GCN2 mRNA has been identified. Alternative splicing occurs within the 5′-portion of mouse GCN2 mRNA in a tissue-specific manner, which leads to the elimination of the N-terminal RWD domain (Sood et al., 2000b) . Further studies are needed to analyze these different variants of GCN2 and their functions in translation control.
In addition to its use in protein synthesis, glutamine is an amino group donor in numerous biosynthetic pathways. Glutamine has been suggested to be important for de novo pyrimidine synthesis pathway of the parasite Bzik, 2002, 2010) and can fuel the TCA cycle via a newly identified γ-aminobutyric acid (GABA) shunt (Macrae et al., 2012) . Parasites defective in the former step show reduced virulence and become auxotrophic for uracil, which is used in a salvage pathway for pyrimidine synthesis and can be rescued by supplementing the medium with uracil Bzik, 2002, 2010) . However, neither supplementing the medium with 0.4 mM uracil or up to 4 mM GABA rescued the growth defect of Δif2k-c and TgIF2α-S71A parasites in glutamine-free medium (data not shown). This could indicate that glutamine starvation affects a different metabolic pathway in Toxoplasma or has an indirect effect via starvation of the host cells. Further studies are needed to discriminate between these two possibilities.
In conclusion, this study characterizes the second of two GCN2-like eIF2α kinases present in Toxoplasma, which have now been shown to possess distinct, non-overlapping functions during the tachyzoite stage. Both TgIF2K-C and -D are largely dispensable for parasite viability, but are important regulators of adaptive responses to stresses associated with nutrient deprivation, consistent with their GCN2-like attributes. TgIF2K-A has previously been shown to localize to the parasite ER and is a likely candidate regulating the recently characterized unfolded protein response (UPR) in Toxoplasma (Narasimhan et al., 2008; Joyce et al., 2013) . TgIF2K-B is a cytoplasmic eIF2α kinase that has yet to be studied (Sullivan Jr et al., 2004; Narasimhan et al., 2008; Joyce et al., 2010; Konrad et al., 2011) . As thwarting adaptive responses is deleterious to parasite replication as well as the conversion into latent bradyzoite forms, the continued study of translational control through eIF2α phosphorylation promises to expose novel opportunities for therapeutic intervention.
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Highlights
• A second cytosolic GCN2-like eIF2α kinase was identified in Toxoplasma gondii
• TgIF2K-C is dispensable for normal tachyzoite replication and virulence
• eIF2α is phosphorylated by TgIF2K-C in tachyzoite cultures deprived of glutamine
• Adaptation to glutamine starvation is facilitated by TgIF2K-C
• Two GCN2-like kinases have distinct functions in the Toxoplasma gondii stress responses TgIF2K-C is expressed in the cytosol ofToxoplasma gondii tachyzoites. (A) TgIF2K-C was endogenously tagged with three tandem hemagglutinin (HA) tags (TgIF2K-C 3xHA ) and expression was analyzed by western blot of parasite lysate using anti-HA antibody. Protein lysate prepared from the parental line (wild-type; WT) was loaded as a control. Sizes are shown in kilodaltons. (B) IFA using HA-antibody reveals a cytoplasmic distribution for TgIF2K-C 3xHA (green). DAPI (blue) was used as a co-stain to highlight the parasite nucleus and total TgIF2α highlights the parasite cytosol (red). Scale bar = 5 um. Generation of Toxoplasma gondii (Tg)IF2K-C knockout (KO) parasites. (A) Genomic fragments upstream and downstream of the open reading frame were amplified by PCR using genomic DNA and oligonucleotide primers #85 and #86, and #87 and #88 (indicated by arrows), respectively. The resulting DNA fragments flank a dihydrofolate reductase (DHFR*) selection marker to comprise the knockout plasmid Δif2k-c::DHFR. The knockout construct was used to replace the complete TgIF2K-C genomic locus via homologous recombination in RHΔku80 strain (referred to as wild-type or WT). (B) The replacement of the TgIF2K-C locus in two independent clones (KO1, KO2) was analyzed by PCR using oligonucleotides complementary to DNA sequences upstream of the replacement site (oligonucleotide #165) and in the 3′-untranslated region (UTR) of the DHFR* minigene (oligonucleotide #99). WT genomic DNA was included as a positive control for amplification. (C) Reverse transcriptase (RT)-PCR using oligonucleotides that amplify ã 1.0 kb fragment at the 5′ end (oligonucleotides #143 and #144) and the fragment encoding the protein kinase domain (oligonucleotides #132 and #129) were carried out to verify the absence of TgIF2K-C mRNA in the knockout clones. As a control for the mRNA preparation, a portion of Toxoplasma actin mRNA was amplified by RT-PCR. To exclude contaminating genomic DNA, the template was omitted from one PCR sample (Ø). Toxoplasma gondii (Tg)IF2K-C is dispensable for normal progression through the lytic cycle. (A) Schematic diagram of the experimental set up for the competitive fitness assay. Equal numbers of parental wild-type (WT) and Δif2k-c parasites were co-cultured in the same flask. Genomic (g)DNA from the mixed population was isolated for SYBR-green PCR analysis at days 0, 2 and 5. (B) Diagram of genomic loci and oligonucleotides that were used to distinguish WT and Δif2k-c parasites. (C) Relative levels of parasite genomic DNA in the co-cultured flasks were determined using a SYBR-green assay and oligonucleotide primers #171 and #182 or oligonucleotides #174 and #175, which are specific for WT or Δif2k-c parasites, respectively. A fragment of the 5′-untranslated region (UTR) conserved between WT and Δif2k-c parasites was amplified with the oligonucleotides #173 and #172 to normalize the samples. The results of Δif2k-c clone KO1 are shown. Error bars indicate the S.D. from a triplicate experiment. Analysis of the Δif2k-c clone KO2 showed a similar result. (D) BALB/c mice were infected i.p. with 100 WT, Δif2k-c or TgIF2α-S71A parasites. The average time to a moribund state was determined for each group of infected mice. Toxoplasma gondii (Tg)IF2K-C promotes parasite viability during glutamine starvation. (A) Human foreskin fibroblast monolayers were infected with parental wild-type (WT), TgIF2α-S71A, Δif2k-c clone KO1 or Δif2k-d parasites and cultured in medium lacking glutamine (ΔQ) or supplemented with glutamine (Q). After 5 days, infected monolayers were fixed and the number of plaques was determined. Graph shows the data compiled from three independent experiments performed in triplicate. Error bars indicate the S.D. The asterisk indicates a statistically significant difference between samples (unpaired two-tailed student's t-test, P < 0.05). Analysis of the Δif2k-c clone KO2 showed a similar result ( Supplementary  Fig. S3 ). (B) Intracellular WT or Δif2k-c parasites were incubated for 8 or 12 h in Q or ΔQ medium. Phosphorylation of TgIF2α was analyzed by western blot of parasite lysate using an antibody specific for phosphorylated TgIF2α (TgIF2α~P) or total TgIF2α. Densitometry analysis was carried out to determine relative TgIF2α phosphorylation normalized to total TgIF2α. The experiment was repeated with similar results.
